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CHAPTER I – INTRODUCTION AND SIGNIFICANCE 
 
 







CHAPTER II – LITERATURE REVIEW 
 
 






































Table 1. Compositions and mechanical properties of the four major orthodontic 
wire alloy types (Brantley & Eliades, 2001). 	 Wire	Alloy	 Composition	(wt%)	 Modulus	of	Elasticity	(GPa)	 Yield	Strength	(MPa)a	 Springbackb	Austenitic	stainless	steel	 17-20%	Cr,	8-12%	Ni,	0.15%	C	(max),	balance	mainly	Fe	 160-180	 1100-	1500	 0.0060-0.0094	(AR)	0.0065-0.0099	(HT)	Cobalt-chromium-nickel	(Elgiloy	Blue)	
40%	Co,	20%	Cr,	15%	Ni,	15.8%	Fe,	7%	Mo,	2%	Mn,	0.15%	C,	0.04%	Be	
160-190	 830-	1000	 0.0045-0.0065	(AR)	0.0054-0.0074	(HT)	
B-Titanium	(TMA)	 77.8%	Ti,	11.3%	Mo,	6.6%	Zr,	4.3%	Sn	 62-69	 690-	970	 0.0094-0.011	Nickel-titanium	 55%	Ni,	45%	Ti	(approx.	and	may	contain	small	amounts	of	Cu	or	other	elements)	
34	 210-	410	 0.0058-0.016	
 
aThe values of yield strength correspond to 0.1% permanent tensile strength. bThe terms 
AR and HT for the stainless steel and Elgiloy Blue alloys refer to the as-received and 
























The	effect	of	varying	heat-treatment	time	has	never	been	studied	and	published	in	any	peer-reviewed	literature.	Furthermore,	there	is	not	a	clear	consensus	on	how	the	duration	of	heat	treatment	affects	the	properties	of	cobalt-chromium	wires	in	bending.	The	following	protocols	have	been	proposed:	1) lighter	(or	flame)	brushed	along	the	wire	until	it	turns	a	dark	straw	color	has	been	mentioned	as	an	option	(Philip	and	Darvell,	2016)	(Kusy,	Mims,	&	Whitley,	Mechanical	characteristics	of	various	tempers	of	as-received	cobalt-chromium	archwires,	2001)	2) use	of	the	RMO	welding	apparatus,	utilizing	a	manufacturer-provided	special	paste	that	indicates	when	the	appropriate	conditions	of	temperature	of	510oC	(Fillmore	&	Tomlinson,	Heat	treatment	of	cobalt-chromium	alloy	wire,	1976)	and	time	have	been	achieved	(Brantley	&	Eliades,	2001)	3) use	of	an	RMO	welder,	heating	the	wire	to	a	dark	straw	color	(Philip	&	Darvell,	2016)	4) between	3-12	minutes	at	480oC	(Rocky	Mountain	Orthodontics,	1977)	(Craig,	1978)	(Philip	&	Darvell,	2016)	5) 5	minutes	at	649oC	(Fillmore	&	Tomlinson,	Heat	treatment	of	cobalt-chromium	alloys	of	various	tempers,	1979)	6) 2	hours	at	480oC	(Philip	&	Darvell,	2016)	(Kusy,	Mims,	&	Whitley,	Mechanical	characteristics	of	various	tempers	of	as-received	cobalt-chromium	archwires,	2001)	
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7) 5	hours	at	482oC	(Elgiloy	Company,	undated	promotional	literature,	circa	1970)	(United	States	Patent	No.	2524661,	1950)	(Greener,	Harcourt,	&	Lautenschlager	EP,	1972)	(Kusy,	Mims,	&	Whitley,	Mechanical	characteristics	of	various	tempers	of	as-received	cobalt-chromium	archwires,	2001)		8) 5	hours	at	527oC	(Philip	&	Darvell,	2016)	(Elgiloy	Promotional	Literature,	1975)	As	one	can	see,	there	is	no	clear	consensus	on	the	ideal	heat-treatment	time	and	temperature.		











Prior Studies of the Effect of Heat-Treatment on Properties of CoCr Wires 
 
Fillmore et al (1976) 
 
 Fillmore	et	al	in	1976	compared	cobalt-chromium	wires	heat-treated	in	a	dental	furnace	versus	those	using	an	electrical	resistance	unit.	These	tests	were	done	using	0.016”	x	0.022”	blue	Elgiloy,	bent	into	a	pattern	of	loops,	tested	in	tension	for	permanent	deformation.	The	goal	of	this	study	was	to	1)	determine	the	temperature	of	heat-treatment	which	gave	a	particular	temper	of	cobalt-chromium	wire	its	maximum	resistance	to	permanent	deformation;	and	2)	quantify	the	increased	resistance	to	permanent	deformation	due	to	heat	treatment	at	various	temperatures.	The	blue	Elgiloy	was	bent	into	a	pattern	of	loops	in	order	to	introduce	a	small	degree	of	work	hardening,	as	may	be	experienced	in	clinical	procedures.			 There	were	a	total	of	12	treatment	groups,	6	wires	in	each	group:	1) Nonheat-treated	control	2) Heat-treatment	using	an	electrical	resistance	unit	using	temper-indicating	paste	designed	to	flash	when	temperature	of	wire	reached	510oC	3) 5	minutes	at	316oC	–	heat-treatment	using	an	electric	dental	furnace	(all	below)	4) 5	minutes	at	371oC	5) 5	minutes	at	427oC	6) 5	minutes	at	482oC	7) 5	minutes	at	537oC	
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Figure 1. Wires organized on Styrofoam block prior to the three-point bend test.   
 The	Styrofoam	block	was	organized	based	on	temper	and	heat	treatment	group.	The	groups	were	labeled	as	follows	and	assigned	to	the	following	groups:			
Table 2. Heat-treatment grouping assignments of blue and yellow Elgiloy wires. 
 




















Heat-Treatment of Groups B2 and Y2 Using the Brush-Flame Method 
 
		 A	brush-flame	method	was	used	to	heat-treat	the	wires	in	groups	B2	and	Y2	(Philip	&	Darvell,	2016).	A	butane	refillable	torch	was	used	for	this	method	(Figure	
2).	The	procedure	was	executed	as	follows	(Figure	5)	1. 1	mm	of	the	wire	was	held	with	a	direct	bonding	bracket	holder	instrument	(Hu-Friedy	678-212)		2. The	wire	passed	through	the	tip	of	the	inner	flame	of	the	butane	torch	at	a	constant	speed,	completing	one	full	pass	of	the	wire	in	about	10	seconds.		3. At	this	rate,	the	brush-flame	method	caused	each	part	of	the	wire	to	turn	a	dark	straw-color		
4. The	wire	was	allowed	to	cool	to	room	temperature	prior	to	replacing	it	back	into	its	respective	position	in	the	Styrofoam	block.  
 
 











Figure 6. Samples loaded onto porous ceramic base prior to heat treatment.  		
Heat-Treatment of Groups B3 and Y3 		 Because	the	heat-treatment	time	for	groups	B3	and	Y3	was	only	5	seconds,	the	oven	required	an	increased	pre-heating	temperature	to	account	for	the	temperature	drop	while	the	chamber	door	was	open	during	sample	loading.	After	several	trial	runs,	it	was	determined	that	the	door	to	the	chamber	must	be	open	for	5	seconds	in	order	to	load	the	samples.	To	allow	the	samples	to	be	inside	the	chamber	at	exactly	480°C	for	5	seconds,	the	oven	was	pre-heated	to	493°C.	By	the	time	the	samples	were	loaded,	the	internal	chamber	temperature	was	480°C.		
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Figure 9. Comparison of force vs. deflection curves for all blue temper groups 
(B1-B6). Longer heat-treatment in the dental furnace led to increased percent recovery, 
flexural modulus, and force values in blue temper Elgiloy wires. Heat-treatment of blue 
Elgiloy wires with a brush-flame showed lower force values, lower percent recovery, and 





Figure 10. Comparison of force vs. deflection curves for all yellow temper groups 
(Y1-Y6). Longer heat-treatment in the dental furnace led to increased percent recovery, 
flexural modulus, and force values in yellow temper Elgiloy wires. Heat-treatment of 
yellow Elgiloy wires with a brush-flame showed lower force values, lower percent 











Figure 11. Force vs. deflection curves for as-received blue (B1) versus yellow (Y1) 
Elgiloy wires (no heat-treatment). As-received blue Elgiloy wires showed greater 
force (g) for deflection values below 1 mm. As-received yellow Elgiloy wires 






Figure 12. Force vs. deflection curves for blue (B2) versus yellow (Y2) Elgiloy 
wires heat-treated utilizing the brush-flame. Both brush-flame tempers showed 
similar force values at all deflection values. NOTE: The values on the Y-axis are 






Figure 13. Force vs. deflection curves for blue (B3) versus yellow (Y3) Elgiloy 
wires heat-treated at 480oC for 5 secs. Blue Elgiloy wires heat-treated for 5 secs 
showed greater force (g) for deflection values below 1 mm. Yellow Elgiloy wires 







Figure 14. Force vs. deflection curves for blue (B4) versus yellow (Y4) Elgiloy 
wires heat-treated at 480oC for 10 mins.  Blue Elgiloy wires heat-treated for 10 
mins showed greater force (g) for deflection values below 1 mm. Yellow Elgiloy 
wires heat-treated for 10 mins showed greater force (g) for deflection values 






Figure 15. Force vs. deflection curves for blue (B5) versus yellow (Y5) Elgiloy 
wires heat-treated at 480oC for 2 hrs. Blue Elgiloy wires heat-treated for 2 hrs 
showed greater force (g) for deflection values below 1mm. Yellow Elgiloy wires 







Figure 16. Force vs. deflection curves for blue (B6) versus yellow (Y6) Elgiloy 
wires heat-treated at 480oC for 5 hrs. Blue Elgiloy wires heat-treated for 5 hrs 
showed greater force (g) for deflection values below 1 mm. Yellow Elgiloy wires 

























Table 4. Different letters (a,	b,	c,	d)	denote significant differences (p<.05) within each 
deflection value/temper; *p<.01, blue versus yellow for each measurement. Heat 
treatment at 480oC for 10 minutes or greater significantly increased force values at the 





Figure 17. Force (g) at 0.25 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Blue Elgiloy wires show greater force values 






Figure 18. Force (g) at 0.5 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Blue Elgiloy wires show greater force values 





























Figure 19. Force (g) at 0.75 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Blue Elgiloy wires show greater force values 






Figure 20. Force (g) at 1 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. No significant difference exists among 































Figure 21. Force (g) at 1.25 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force 







Figure 22. Force (g) at 1.5 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force 





























Figure 23. Force (g) at 1.75 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force 



















Figure 24. Force (g) at 2.0 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force values for 


















Figure 25. Force (g) at 2.25 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force values for 



















Figure 26. Force (g) at 2.5 mm deflection for blue and yellow CoCr wires after 
various heat-treatment conditions. Yellow Elgiloy wires show greater force values for 


























Figure 27. Percent recovery of blue and yellow CoCr wires after various heat-
treatment conditions. Yellow Elgiloy wires show greater percent recovery for all heat-


















Figure 28. Flexural modulus for blue and yellow CoCr wires after various heat-
treatment conditions. Blue Elgiloy wires show greater flexural modulus for all heat-




Table 5. Percent increase in flexural modulus (GPa) and percent recovery with 




Table 5. For blue Elgiloy wires: heat-treatment for 5 hrs increased flexural modulus by 
14.3% and percent recovery by 16.0%; heat-treatment 10 minutes increased flexural 
modulus by 11.0% and percent recovery by 7.8%. For yellow Elgiloy wires: heat-
treatment for 5 hrs increased flexural modulus by 20.3% and percent recovery by 12.4%; 
heat-treatment for 10 minutes increased flexural modulus by 15.6% and percent 
























Table 6. Heat-treatment for 10 minutes resulted in values intermediate to the as-
received versus 5 hour heat treatment time.  
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 Blue	and	yellow	Elgiloy	wires	of	0.018’’	diameter	were	tested	in	a	three-point	bend	test	after	being	assigned	to	the	following	groups:	1)	as-received	(control);	2)	brush-flame;	3)	480oC	for	5	secs;	4)	480oC	for	10	mins;	5)	480oC	for	2	hrs;	and	6)	480oC	for	5	hrs.	Force	values	were	recorded	throughout	the	three-point	bend	test	in	order	to	calculate	percent	recovery,	flexural	modulus,	and	force	values	at	each	0.5mm	increments	of	deflection.	Varied	heat-treatment	times	could	then	be	compared	to	each	other,	as	well	as	their	as-received	counterpart.	It	was	concluded	that:			 1. Longer	heat-treatment	(2	hrs/5	hrs)	increased	percent	recovery,	flexural	modulus,	and	force	values	when	compared	to	the	as-received	counterparts.		2. Greater	stiffness/flexural	modulus	of	the	blue	Elgiloy	wire	explains	why	this	temper	showed	greater	force	values	during	the	elastic	phase,	at	deflections	
 62 
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